• Controls and rats with parabrachial lesions (PBNx) failed to ingest 0.5 M CaCl2 after extended dietary calcium depletion.
Parabrachial lesions in rats disrupt sodium appetite induced by furosemide but not by calcium deprivation P.S. 
Introduction
The gustatory system helps regulate the nutrient and mineral selection required for homeostasis [1, 2] . The central gustatory system plays an important role in this adaptive process [3] . In rodents, the second central gustatory relay in the pontine parabrachial nuclei (PBN) is critical for the acquisition of a conditioned taste aversion (CTA) and for the expression of a sodium appetite [4] [5] [6] . Specifically, when assessed using a 0.5 M concentration of NaCl, rats with bilateral lesions of the PBN failed to demonstrate a sodium appetite following treatment with the diuretic, furosemide, with the mineralocorticoid, deoxycorticosterone acetate (DOCA), or with 30% polyethylene glycol (PEG). These same rats also failed to exhibit a LiCl-induced conditioned taste aversion, now the behavioral index of well-placed bilateral PBN lesions [7] .
We sought to further examine the role of this region with regard to another phenomenon, the ingestion of calcium and sodium salts after dietary calcium deprivation. Rats on a calcium deficient diet [8] [9] [10] [11] , or that are parathyroidectomized, will ingest both calcium [12] [13] [14] and sodium salts [10, 11, 13] at concentrations they normally avoid. Calcium deprivation also raises both CaCl 2 and NaCl intake during sham drinking [15] , and increases the palatability of calcium salts [16] . One suggestion for why rats that are calcium deprived also ingest NaCl is that shortterm ingestion of NaCl may raise ionized calcium and, therefore, may confer relief of the deficit [17] . The question addressed here is whether rats with lesions of the PBN also will be able to express either or both of these appetites.
Calcium deprivation changes gustatory afferent neural activity. There are known differences in calcium solution preferences and the activity of the chorda tympani in calcium-deprived rats [18, 19] and in the gustatory region of the nucleus of the solitary tract [20] . In addition, large lesions of the medial region of the thalamus that include the gustatory relay, compromise calcium intake after parathyroidectomy [21] . The pontine parabrachial nuclei receive gustatory projections from the nucleus of the solitary tract and, in turn, project to the gustatory thalamus [22, 23] (for a review see [3] ). Thus, in the following experiments we compared PBN-intact Controls with rats that had tasteguided bilateral PBN lesions (PBNx) for differences in the following three phenomena: 1) expression of a calcium and sodium appetite following calcium deprivation, 2) expression of a furosemide-induced sodium appetite, and 3) the ability to learn a LiCl-induced conditioned taste aversion. The latter two tests serve as functional indexes for PBN lesions. Thus, if the lesions are well placed, both the furosemideinduced sodium appetite and the LiCl-induced conditioned taste aversion should be disrupted.
Methods

Subjects
Sprague-Dawley rats (n = 36, Charles River Laboratories, Wilmington, MA) weighed between 302 and 456 g at the time of surgery. Between surgery and the current tests these rats were used in another (unpublished) experiment that involved testing their ability to learn a LiCl-induced conditioned taste aversion with corn oil as the conditioned stimulus (CS). The rats were housed in individual, hanging, wire mesh cages. The room was temperature controlled, with an automatic light: dark cycle (12 h, lights on at 7 AM). All experimental manipulations were performed during the lights on period. Rats were maintained on ad libitum food and water except where noted below.
Surgery
Seven rats were non-surgical Controls. The remaining 29 animals consisted of 7 full surgical Controls that were subjected to all procedures except that their intracerebral infusions were saline rather than ibotenic acid. The remaining 22 rats had bilateral ibotenic acid lesions centered on electrophysiologically-identified gustatory responses in the pontine parabrachial nuclei (PBN; 0.2 μl per side, 20 μg/μl in phosphate buffered saline, pH = 7.4). The procedures are essentially identical to those used previously and will be only summarized here [see 24, 25] . All procedures conformed to NIH guidelines and were approved by the Institutional Animal Care and Use Committee of the Penn State College of Medicine.
The rats were pretreated with atropine sulfate (0.1 mg, ip) and then anesthetized with pentobarbital sodium (50 mg/kg, ip). Anesthesia was supplemented every 45-60 min as needed (5-8 mg, ip). The rats were mounted in a Kopf stereotaxic apparatus with the skull flat between β and λ, the skull bared, and holes burred over the intended recording targets. First, gustatory responses were located bilaterally in the dorsal pons using standard recording techniques and glass insulated tungsten electrodes (Z = 1.0-2.5 MΩ at 1 KH). The initial penetration ranged between −11.0 and −12.0 mm posterior to β and 1.8-2.0 mm lateral to the midline with the electrode inclined caudally 20°off vertical. Testing began~5.5 mm deep to the dura and consisted of noting neural activity on an audio monitor and an oscilloscope while washing the anterior tongue with distilled water and 0.1 M NaCl, both at room temperature. When a multiunit taste response was encountered, typically after 1-5 penetrations, the electrode was removed and the process repeated on the contralateral side. With the taste responses located, the recording electrode was replaced with a glass micropipette that had been glued to the shaft of a Hamilton 1.0 μl syringe loaded with ibotenic acid. The pipette was positioned using the coordinates established previously. Typically, a gustatory response also was recorded through the pipette. The ibotenic acid (0.2 μl) was then infused over a period of 10 min. The pipette remained in place for an additional 10 min before being withdrawn. After both infusions, the wound was closed with clips and the rat given gentamicin prophylactically (0.15 ml, im).
Test conditions
Three experiments were performed on these rats. In Experiment 1, the ingestion of water, calcium salt (0.5 M CaCl 2 ), and sodium salt (0.5 M NaCl) was measured under baseline conditions and then after Ca deprivation. The 0.5 M CaCl 2 was chosen to match the concentration of the 0.5 M NaCl solution, a concentration that is consistently rejected by intact, Na + replete Controls. In Experiment 2, ingestion of water, CaCl 2 , and NaCl was measured after furosemide-induced sodium depletion. For each of these experiments, Control and PBNx rats were separated into three groups -one was given a choice between water and 0.5 M CaCl 2 (group WC), another had water and 0.5 M NaCl (group WN), and the third, all three fluids (group WCN). Experiment 3 examined the ability of the rats to learn a LiCl-induced conditioned taste-aversion to a sweet CS. Neither CaCl 2 nor NaCl was provided.
2.3.1. Experiment 1: calcium deficient diet For 10 days all rats were placed on a calcium deficient diet (AIN 76A, Dyets Inc., Bethlehem, PA) with the calcium added back. As mentioned above, in addition to distilled water (dH 2 O), one group had access to a 0.5 M CaCl 2 solution, the second to 0.5 M NaCl, and the third to both 0.5 M NaCl and 0.5 M CaCl 2 . Water and the tastants were presented in graduated cylinders affixed to the front of the cages with springs and intake was recorded daily. For the two groups with only 2 tubes, the left/right positions were switched daily. For the group with 3 choices, the tubes were repositioned randomly among the 6 possible orders. Following this 10 day baseline period, the salt solutions were removed, and the rats were fed only the calcium deficient diet for 30 days. Subsequently, the respective salts were replaced on the front of the cage for each group and 24 h intake was measured daily for 5 days.
Experiment 2: sodium depletion test conditions
At the end of the Ca-appetite test period, the diet was changed to the base diet (AIN 76, ICN Biochemicals #902903, Irvine, CA), which had adequate Ca ++ included, but was without added NaCl. During this baseline period (11 days), the appropriate amount of NaCl was added back to this diet. The rats were maintained in the same groups and offered the same fluid choices described above. Intake stabilized over the last 7 days of this period. On day 8, the rats received an injection of furosemide (Furo, 10.0 mg in two equal doses 2 h apart, sc; see [26] ). Furosemide promotes sodium excretion and a subsequent sodium appetite. Between the injection and the test the following morning, the rats had access only to water and the sodium deficient diet without added NaCl. The fluids were then returned to the cages and intake of the fluids was measured at 15, 30, 60, and 120 min, and again at 24 h. Normal chow (with NaCl) was returned 120 min into the test period. After a week on the normal chow, the entire regimen was replicated but, rather than Furo, the rats were injected with an equivalent volume of saline (sc).
Experiment 3: conditioned taste aversion (CTA)
All rats were water deprived and adapted to a regimen in which they had access to a water bottle at the front of the cage every morning for 15 min and every afternoon for 1 h. Water intake stabilized over 10 days. On the morning of day 11, all rats were presented with 0.15% Na-saccharin for 15 min instead of the water. Five minutes later, the rats were injected with lithium chloride (0.15 M; 1.5 mEq/kg body weight, ip). In the afternoon they were again offered water for 1 h. This was repeated twice with 2 water days (15 min a.m., 1 h p.m.) intervening between each cycle. On the fourth trial the rats were offered saccharin again but without the subsequent lithium injection.
Statistical analysis 2.4.1. Effect of calcium deprivation
Data are expressed as means and standard deviations. Mean baseline intake for each fluid for each rat was calculated across the 10-day baseline period. The baseline intake for each group (WC, WN, WCN) was subjected to a 3-way mixed factorial analysis of variance (ANOVA) varying solution (water vs. CaCl 2 and/or NaCl), lesion (Control vs. PBNx) and trial (days 1-10). When indicated, the data for the PBNx rats were analyzed alone varying solution and trials. Post-hoc tests were conducted, where appropriate, using Newman-Keuls tests with alpha set at 0.05. Calcium appetite data were analyzed similarly varying solution (CaCl 2 and/or NaCl), lesion (Control vs. PBNx), and trial, including terminal baseline (intake averaged across baseline trials 9 + 10) and post-Ca deprivation test trials 1-5.
Furosemide-induced sodium appetite
Intake for groups WC, WN, and WCN was analyzed using separate mixed factorial ANOVAs varying solution (CaCl 2 and/or NaCl), lesion (Control vs. PBNx), and time (15 min, 30 min, 60 min, 120 min, 24 h) following the injection of furosemide and, again, in a separate iteration, following the injection of saline. Post-hoc Newman-Keuls tests were conducted as described. For groups WCN and WN, mixed factorial ANOVAs were conducted varying lesion (Control vs. PBNx) and drug (saline vs. furosemide) at the 24 h time point. Post-hoc NewmanKeuls tests were conducted when indicated as described.
CTA analysis
Intake of 0.15% saccharin was examined using a mixed factorial ANOVA varying lesion (Control vs. PBNx) and trials (1-4). NewmanKeuls tests were employed for post-hoc analysis.
Histology
When the experiments were completed, all rats with PBN lesions and a subsample of the full surgical Controls were sacrificed with an overdose of pentobarbital sodium (Nembutal, 100 mg/kg, ip) and, once totally unresponsive, perfused through the heart with saline, then 10% formalin. The brains were extracted and relevant blocks sectioned at 50 μm on a freezing microtome. Alternate series of sections Fig. 1 . Photomicrographs of 50 μm coronal sections from the dorsolateral pons from 3 rats in these experiments (Cresyl violet stain). Each section is at approximately the same rostrocaudal level, midway through the gustatory area of the parabrachial nucleus (PBN). Medial is to the right in panels A, C, and E, and to the left in panels B, D, and F. Dorsal is up. In panels B, C, & E, the arrows indicate the lateral boundaries of the lesion gliosis dorsal and ventral to the BC. In panel E, the arrows are placed at the medial and lateral edges of the gliosis dorsal to BC. In brain #491, the left PBN exhibited little if any damage (panel A) but on the right almost all the parabrachial neurons were destroyed (panel B, partial-complete). This animal exhibited a modest Na-appetite (5.0 ml at 2 h) but failed to acquire a CTA after 3 CS-US pairings. In animal #479, the left PBN was intact only in the ventrolateral quadrant below the BC (panel C, partialcomplete) but on the right the neuronal damage ringed the BC (panel D, complete). This rat failed to demonstrate a Na-appetite or a CTA. In rat #478, the left-hand lesion was also partial-complete (panel E) but on the right damage was confined dorsal to the BC (panel F, partial). This animal failed to exhibit a Na-appetite (2 ml at 2 h) and failed to reduce CS intake until trials 3 & 4 of the CTA test (5.0 & 0.0 ml, respectively). Except for panel A, few if any neurons were evident within the BC. The horizontal line in panel E represents approximately 500 μm. Abbreviations: BC -brachium conjunctivum, LC -locus coeruleus, MV -trigeminal motor nucleus, MesV -mesencephalic trigeminal nucleus, and STA -supratrigeminal area.
were stained with cresyl violet and the Weil procedures. The lesions were assessed by an evaluator (RN) who had no knowledge of the data from individual rats.
Results
Histology
All save one of the 22 rats with lesions had histologically confirmed bilateral damage to the PBN. Based on the smallest unilateral lesion, the damage to the gustatory area of the PBN was judged to be complete (C = 5), partial complete (PC = 12), partial (P = 4), or none (ND = 1). In the coronal plane, the area assessed extended from the point at which the inferior colliculus separates from the pons caudally to the point at which the brachium conjunctivum (BC) enters the cerebellum, a distance of approximately 1.0 mm [see 27, Fig. 108-116 ]. This includes the caudal two thirds of the PBN and all of the area in which taste responsive neurons are located (Fig. 1A [28] ). Complete lesions encircled the BC except at the rostral extreme where the gliosis often was confined dorsal to the fiber tract (Fig. 1D) . Partial-complete damage also surrounded the BC except for varying amounts of cell sparing extending from ventrolateral to the tract and around the lateral tip (Fig. 1B, C , & E). Partial damage was confined to neurons dorsal to and within the BC (Fig. 1F) . Some of the complete lesions extended beyond the PBN into the supratrigeminal area, the locus coeruleus, or Barrington's nucleus, usually unilaterally.
The criterion for including rats with PBN damage (PBNx) in the analysis was an inability to form a CTA, to express a Na-appetite, or both. Rats with complete or partial complete lesions failed on one or both of these tests. The four animals with partial PBN lesions (Fig. 1F ) and the one with no obvious damage unilaterally (Fig. 1A) were impaired on at least one of the screening tests. Two rats with partial damage had been assigned to group WC (water and CaCl 2 ) and thus were not exposed to NaCl in the Na-appetite tests. In the CTA test, however, neither rat reduced intake of the CS after three pairings with LiCl injections, suggesting that these lesions, too, were adequate. Thus, based on these screening tests, the data from all 22 PBNx rats were included in the statistics.
Behavioral tests
3.2.1. Experiment 1: calcium appetite 3.2.1.1. Baseline intake. As shown in Fig. 2 , baseline intake of fluids (water, CaCl 2 , and NaCl) was evaluated within each of the three treatment groups as a function of lesion condition (Control vs. PBNx) and trials (1-10).
3.2.1.1.1. Group WC. The main effect of solution (water vs. CaCl 2 ) was significant, F (1,10) = 164.2, p b 0.0001, indicating that the Control and PBNx groups combined consumed more water than CaCl 2 during the 10 day baseline period (see Fig. 2, panels A & B) . The main effect of trial also was significant, F (9,90) = 2.03, p b 0.04, demonstrating that intake of the fluids (water and CaCl 2 ) changed over trials overall. Neither the main effect of lesion, F b 1, nor the lesion × solution × trial interaction, F (9,90) = 1.51, p b 0.15, however, attained statistical significance.
3.2.1.1.2. Group WN. A fairly similar pattern was evident in group WN (see Fig. 2 , panels C & D). Thus, the main effect of solution was significant, F (1,10) = 103.1, p b 0.0001, demonstrating that all rats consumed more water than 0.5 M NaCl overall. The solution × trial interaction was significant, F (9,90) = 7.3, p b 0.0001. Even so, post-hoc Newman-Keuls tests showed that water intake was greater than NaCl intake on all trials. The main effect of lesion was not significant, F b 1, nor did it interact significantly with any other factors, ps N 0.05. That said, visual inspection of the data suggests that the initial high intake of 0.5 M NaCl was carried primarily by the PBNx rats. When the data for the PBNx rats were analyzed separately for group WN, a significant solution × trial interaction was found, F (9,63) = 8.09, p b 0.001. Post-hoc tests revealed that, for PBNx rats, intake of NaCl on trial 1 was greater than intake of NaCl on trials 2-10, ps b 0.05. Further, while PBNx rats generally consumed more water than NaCl over trials, ps b 0.05, upon first exposure, posthoc tests confirmed that PBNx rats in the WN condition consumed as much 0.5 M NaCl as water, p N 0.05. In short, rats with PBN lesions initially over-consumed 0.5 M NaCl and then reduced intake to levels equivalent to the Control subjects.
3.2.1.1.3. Group WCN. The pattern of baseline intake for group WCN was in keeping with that of groups WC and WN (see Fig. 2 , panels E & F). Thus, the main effect of solution was significant, F (2,20) = 141.2, p b 0.0001, and post-hoc tests confirmed that all rats consumed more water than CaCl 2 , p b 0.05, and NaCl, p b 0.05, and that intake of these two solutions did not differ one from the other overall, p N 0.05. The solution × trial interaction was significant, F (18,180) = 3.1, p b 0.0001. The results of the post-hoc tests, however, revealed little meaningful about the data. Neither the main effect of lesion, nor the lesion × solution × trial interaction attained statistical significance, ps N 0.05. Again, as with the WN group, the PBNx rats in group WCN appeared to consume more 0.5 M NaCl on the first exposure. When the PBNx trial 1 data were analyzed alone, the results revealed a significant main effect of solution, F (2,12) = 13.7, p b 0.0008. Post-hoc tests confirmed that trial 1 intake of NaCl by the PBNx rats did not differ from trial 1 intake of water, p N 0.05, but was greater than trial 1 intake of CaCl 2 , p b 0.05.
Calcium appetite: deprivation test.
During the Ca appetite test, all rats consumed about 25 ml of water/day regardless of lesion or solution condition. As such, these data will not be considered further here. Baseline (BL) intake of CaCl 2 and NaCl for the three solution conditions (WC, WN, WCN) was averaged across trials 9 and 10 prior to dietary Ca deprivation. After 30 days on the Ca-free diet, the Control and PBNx rats were given five 24 h test trials.
3.2.1.2.1. Group WC. The lesion × trial interaction revealed that the main effect of lesion, trial, and the lesion × trial interaction was not significant, Fs b 1 (see Fig. 3, left panel) . In this study, thirty days of calcium deprivation failed to affect calcium intake in the Control or the PBNx rats in group WC.
3.2.1.2.2. Group WN. Overall these rats increased intake of NaCl from terminal baseline (BL) to trials 1 and 2 (Fig. 3, middle panel) . This conclusion was supported by post-hoc analysis of a significant main effect of trial, F (5,50) = 4.02, p b 0.004. The PBNx rats tended to consume more NaCl than Controls in group WN, but neither the main effect of lesion, F (1,10) = 1.91, p b 0.20, nor the lesion × trial interaction, F (5,50) = 1.36, p b 0.25, was significant.
3.2.1.2.3. Group WCN. Once again, NaCl intake was augmented by 30 days on a calcium deficient diet for both the Control and the PBNx rats (Fig. 3, right panel) . In accordance, the main effect of solution was significant, F (1,10) = 9.6, p b 0.01, indicating that all rats, Control and PBNx alike, consumed more NaCl than CaCl 2 overall. Further, post-hoc tests of a significant solution × trial interaction, F (5,50) = 3.62, p b 0.007, found that, on trial 1, all rats consumed more NaCl than CaCl 2 , p b 0.05. Lesion condition, however, had no impact on the data as evidenced by a non-significant main effect of lesion, F (1,00) = 1.64, p N 0.05, or any interaction, Fs b 1.0.
Experiment 2: sodium appetite
3.2.2.1. Furosemide. The rats were given access to water in all tests, but water intake differed little as a function of lesion or solution condition. Consequently, water intake data will not be addressed further. Body weight, analyzed at the start of the furosemide study, revealed a significant main effect of lesion, F (1,30) = 8.5, p b 0.007, with the PBNx rats (mean = 618.8 +/− 12.9) weighing less than the Controls (mean = 679.3 +/− 16.2). There was no effect of stimulus group on body weight, F b 1, and no significant group × lesion interaction, F b 1. Intake of NaCl and CaCl 2 across the 24 h test period following the Furo injection is shown in Fig. 4 for the Control and PBNx rats in group WC, WN, and WCN.
3.2.2.1.1. Group WC. The furosemide-induced sodium appetite failed to increase intake of CaCl 2 in either the Control or the PBNx rats over 24 h (Fig. 4, left panel) . This observation was confirmed by a nonsignificant lesion × time interaction, F b 1.0. There was, however, an increase in cumulative intake of CaCl 2 from 15 min to 24 h, overall, as indicated by post-hoc tests of a significant main effect of time, F (4,40) = 8.03, p b 0.0001. Even so, CaCl 2 intake was negligible following the injection of furosemide (Control: 2.2 ml/24 h; PBNx: 1.7 ml/24 h). Likewise, intake of CaCl 2 also was low for group WC when injected with saline (Control: 1.8 ml/24 h; PBNx: 1.28 ml/24 h).
3.2.2.1.2. Group WN. Analysis of the data for group WN (Fig. 4 , middle panel) revealed a significant main effect of lesion, F (1,10) = 32.82, p b 0.0002, and lesion × time interaction, F (4,40) = 37.0, p b 0.0001. Posthoc tests on the two-way interaction showed that Control rats consumed more NaCl than did PBNx rats at all time points tested, ps b 0.05. Further, while cumulative intake of NaCl increased from 15 min to 24 h for the Control rats, p b 0.05, it failed to significantly increase across the same time period for the PBNx subjects, p N 0.05. Finally, intake of NaCl by the PBNx subjects did not differ at the 24 h time point, whether injected with furosemide or saline (saline data not shown). This conclusion was confirmed by post-hoc tests of a significant lesion × drug (saline vs. furosemide) interaction, F (1,10) = 41.9, p b 0.0001. Thus, while PBNx rats in the WN group increased consumption of NaCl when calcium deprived in Experiment 1, they failed to do so when sodium depleted in Experiment 2.
3.2.2.1.3. Group WCN. Results showed that the lesion × solution × time interaction was significant, F (4,40) = 12.5, p b 0.0001. Post-hoc tests of this 3-way interaction revealed that Control rats treated with furosemide drank more NaCl than PBNx rats treated with furosemide beginning with the 15 min test and at all time points tested thereafter, ps b 0.05. At 24 h, intake of NaCl was increased in the furosemide-treated PBNx rats compared to intake at all earlier time points, but 24 h intake was significantly lower in PBNx rats (8 ml) compared to Controls (about 25 ml), p b 0.05. Interestingly, while 24 h NaCl intake by furosemide-treated PBNx rats was markedly reduced compared to furosemide-treated Control subjects, post-hoc tests of a significant lesion × drug interaction, F (1,10) = 25.9, p b 0.0005, revealed that 24 h NaCl intake by PBNx rats in group WCN was significantly greater following the injection of furosemide (again about 8 ml) than following the subsequent injection of saline (about 1 ml), p b .05. Thus, PBNx rats in the WCN group exhibited a statistically significant, albeit greatly reduced, Na-appetite on the furosemide trial, that was not evident in the WN cohort. This may be due to slight differences in lesion placement between the cohorts or to the presence of the CaCl 2 solution. No other effects of the saline injection were of note. Relative to NaCl, intake of CaCl 2 was negligible for both the Control and the PBNx rats. Controls ingested only 1.2 ml/24 h, p b 0.05, and the PBNx rats 1.9 ml/24 h, p N 0.05. The furosemide-induced sodium appetite, then, was greatly and significantly impaired in the PBNx rats. This finding suggests that the increase in NaCl intake by these same subjects following calcium deprivation in Experiment 1 was not likely due to misplaced lesions.
Experiment 3: conditioned taste aversion
As discussed, disruption of a LiCl-induced conditioned taste aversion stands as a second highly reliable test of accurate PBN lesion placement. In the present case, despite 3 taste-LiCl pairings, the PBNx rats had significantly higher intakes of the saccharin cue overall (see Fig. 5 ). In accordance, the main effect of lesion was statistically significant, F (1,33) = 71.9, p b 0.0001, confirming that the PBNx rats drank more of the LiCl-paired saccharin cue than the Control rats overall. The main effect of trial also was statistically significant, F (3,99) = 14.83, p b 0.0001. The lesion × trial interaction, however, only approached statistical significance, F (3,99) = 2.48, p b 0.065. Post-hoc tests on this nonsignificant interaction revealed that, while the Control rats significantly reduced intake beginning with trial 2, ps b 0.05, the PBNx rats exhibited a reduction in saccharin intake only on trial 3 (compared with trial 1), p b 0.05, and the PBNx rats consumed more of the LiCl-paired saccharin cue than Controls on all trials, ps b 0.05. Interestingly, while a small furosemide-induced sodium appetite was evidenced in the PBNx rats in the WCN condition, this may have had more to do with the simultaneous availability of the CaCl 2 solution than with slight differences in lesion placement, as the CTA was equally disrupted among the PBNx rats previously assigned to the WC, WN, or WCN conditions, all Fs b 1. Bilateral lesions of the PBN, then, greatly disrupted not only a furosemide-induced sodium appetite, as shown in Experiment 2, but also a LiCl-induced conditioned taste aversion.
Discussion
Control and PBNx rats fed Ca-deficient diet for 30 days increased intake of 0.5 M NaCl but not 0.5 M CaCl 2 . In the Controls, the rise in NaCl intake was not unexpected, as previous reports demonstrated this effect following calcium deprivation in normal rats [10, 11, 13, 29, 30] . The finding was unexpected in the rats with PBN lesions. Rats with PBN lesions consistently fail to exhibit an appetite for 0.5 M NaCl when challenged with furosemide, DOCA, and even PEG [7] . Rats with PBN lesions also fail to exhibit an appetite for 0.3 M NaCl when made deficient with 10 days on a Na-deficient diet [31] . This failure of the PBN lesion to disrupt the Ca-deprivation-induced sodium appetite cannot be attributed to misplaced lesions because the same rats failed to exhibit a furosemide-induced appetite for 0.5 M NaCl, a LiCl-induced conditioned taste aversion, or both. These latter two deficits are characteristic of accurate PBN lesion placement [see [4] [5] [6] 24, 25] .
Rats placed on a calcium deficient diet [8] [9] [10] [11] or parathyroidectomized ingest calcium [12] [13] [14] . In the present experiment, however, none of the animals evinced a Ca appetite. This finding may have been due, at least in part, to age. Potent calcium appetite (e.g., intake up to 60 ml/h of 0.3 M CaCl 2 when sham feeding) was observed when the 3-6 week period of Ca deprivation began at about 3-4 weeks of age [15, 16] . The rats in this earlier study were typically about 200 g or so when depletion began. In contrast, our rats were comparatively quite old. They weighed between 302 and 456 g at the time of surgery and they participated in an oil-LiCl conditioned aversion study thereafter. These data suggest that there may be a critical period during which calcium deficiency can support the development of a calcium appetite. Alternatively, the failure to evidence a Ca appetite may have been due to the use of a high concentration of CaCl 2 . The 0.5 M CaCl 2 solution is completely avoided by rats. Further, in another study rats exhibited strong aversive taste reactivity behavior following the intraoral infusion of 0.3 M CaCl 2 [16] . Thus, our failure to obtain a calcium appetite in the current experiments may have reflected the age of the rats, the use of a strong 0.5 M CaCl 2 solution, or both.
In contrast, the Ca-deprivation-induced sodium appetite persisted, despite the use of an otherwise aversive 0.5 M NaCl solution. Moreover, this sodium appetite was evident in both the Control and the PBNx rats.
In the earlier study that used younger animals, the intake of sodium was slightly higher and more sustained than in the present report [15] . This difference may be due to a number of factors including adolescent exposure to Ca deficiency or to their use of a 0.3 M rather than a 0.5 M NaCl solution [7] . Regardless, in the present experiments both the Cadeprived Control and the PBNx rats exhibited a substantial sodium appetite. This finding is of interest because, as mentioned, rats with PBN lesions fail to exhibit a sodium appetite following furosemide induced body Na + depletion [32] , following direct [33, 34] and indirect [35] stimulation with DOCA treatment, and following PEG induced plasma volume deficits [4, 6, 7] . Thus, as suggested [17] , if NaCl intake serves to raise ionized calcium in calcium-deficient rats, rats with PBN lesions apparently remain sensitive to this effect. Our data also demonstrate that, after Ca deprivation, the ingestion of sodium salts by normal rats is not due to their inability to distinguish Ca from Na. Intake of 0.5 M Ca is selectively negligible and published data show that rats with PBN lesions can taste NaCl across a range of concentrations [36] . Under a number of conditions, both salts are ingested by calcium deprived rats (e.g. [10] ). The ingestion is motivated because calcium deprived rats will bar press for sodium as well as calcium salts [37] . When Ca deprived, it would be interesting to know how rats respond to the two salts on progressive ratio schedules. Our experiments do not speak to this issue or, more generally, to the neural mechanisms by which Ca deprivation induces motivated behavior.
Two mechanisms have been suggested for why normally aversive concentrations of sodium are ingested after Ca deprivation. One is physiological; raising serum Na produces a short term increase in serum Ca [15] . The other is evolutionary; sources of sodium are more common in the environment but they frequently contain other salts including Ca [38] . The two possibilities are not mutually exclusive. One produces a short-term increase in circulating Ca, the other an actual increase in body Ca. In both cases ingesting the Na salt would relieve the symptoms of Ca deficiency and thus result in a learned preference for that stimulus. This mechanism was first described by Rozin for thiamine deficiency [39] . The sodium appetite that results from Na depletion, on the other hand, appears to be innate [30, 38, 40] . If true, this distinction could provide one avenue for exploring why Ca-deprived PBNx rats demonstrate a Na appetite but when Na was depleted, they do not.
Baseline intake of 0.5 M NaCl revealed yet another deficit and competency. Whether in group WN (water and NaCl offered) or WCN (water, CaCl 2 , and NaCl offered), the rats with lesions of the PBN initially over-consumed 0.5 M NaCl compared with Controls. Indeed, the PBNx rats initially consumed as much salt as water. This finding is consistent with other reports in which rats with PBN lesions over-consume various solutions including capsaicin [41] , 0.3 M sucrose, and 100% corn oil [42] . Of course, in the absence of salt need, 0.5 M NaCl is not only aversive, but potentially lethal (unpublished observations in PBNx rats). Here, the PBNx rats were able to detect the solution, distinguish it from water, and begin to avoid it during the second 24 h access period. Thus, while the PBNx rats initially over-consumed half molar salt, they began to avoid it perhaps because of its osmotic effects in the gastrointestinal system.
Summary
Neither the Control nor the PBNx rats exhibited a calcium appetite following 30 d on a calcium-deplete diet. This null effect may be due to the age at which the subjects were calcium deprived, to the concentration of the CaCl 2 solution employed, or both. Nevertheless, all rats, Control and PBNx alike, exhibited a reliable sodium appetite following exposure to the calcium-deplete diet. This observation replicates earlier findings in non-lesioned subjects, but was unexpected in rats with PBN lesions, as these rats fail to exhibit an appetite for 0.5 M NaCl following treatment with furosemide or DOCA. Finally, when Na-replete, the PBN lesioned rats over-consumed half molar salt upon the first exposure, but reduced intake subsequently.
